To determine the genetic parameters of growth traits and wood density (estimated by Pilodyn penetration) in a population of Eucalyptus grandis formed by families from 11 seed origins in NE Queensland, Australia and a local land race, 8.5-year-old progenies established in three sites in NE Argentina were evaluated. Local trees exhibited higher growth rate at two sites and better stem form, but also deeper Pilodyn penetration, at all sites; thus, there is potential to infuse new genetic variation into the current breeding population in the region. A significant amount of genetic variation was found for all traits assessed, with growth traits [diameter (DBH), height (HT) and volume (VOL)] showing different genetic structure and degree of genetic control as compared to stem straightness (FORM), bark thickness (BARK) and Pilodyn penetration (PILO). The effect of origin was negligible for growth traits while it was important for the other traits, so it should be considered in the selection strategy; in addition, individual heritability for growth traits (0.11-0.16 in the combined analyses) was generally lower than for the other traits (0.20-0.35). Genetic correlations between sites for all traits were high enough to indicate that genotype-environment interaction would not affect the selection program by using a single breeding population for this region. Genetic correlations between growth traits were high (r g > 0.80), and negligible between these and FORM; the only unfavorable genetic correlation was between PILO and BARK (r g = -0.44). Age-age correlations for growth traits and FORM were very high (r g > 0.90). Results suggest that all traits evaluated could be handled in a breeding program, either independently or combined, without negative correlated effects. Early selection for growth traits and stem form is also possible, with major savings in time.
Introduction
Eucalyptus grandis Hill ex Maiden is native to Australia, having its major distribution range in northern New South Wales and southern Queensland, between 25°and 33°S, from sea level to 600 m. Smaller stands are found in the northern region of Queensland (16°to 19°S) from 500 to 1100 m (BOLAND et al., 1984) . It is one of the most widely planted forest species throughout the world because of its adaptability and versatility of use as lumber (SÁNCHEZ-ACOSTA, 1999 ). In Argentina, over 200,000 hectares are planted with this species across the provinces of Entre Ríos, Corrientes and Misiones, in the mesopotamic region (BRAIER, 2004) .
Breeding programs are aimed at obtaining improved populations with the largest possible number of desirable traits (VIANA, 2001) . Thus, identification of parents and traits to be included as selection criteria is critical for a successful breeding program. The decision becomes complex when the genetic evaluation program includes material from different geographic origins and several traits contribute to economic value, since each trait might have different genetic structure. Genetic structure refers to the magnitude of genetic variances and covariances among and within populations (seed origins), influencing genetic parameters of traits, and therefore, genetic gains (WHITE and HODGE, 1989) . The genetic structure of traits affects the initial approach of the breeding program. For instance, VOLKER and RAY-MOND (1988) suggest that the best approach to increase growth rate in E. globulus is to include families from all origins in the selected population; however, if wood density is included in the breeding objective, the effect of races should be considered first.
Estimation of genetic parameters for a particular trait has an associated error that depends on several factors, such as number and size of families evaluated, number and quality of experimental sites, and genotype by environment interaction (GEI), among others (ZOBEL and TALBERT, 1984; FALCONER and MACKAY, 1996) . GEI is the result of gene expression for each genotype as a function of the growing environment (BORRALHO, 1998) . The only way to identify GEI effects is to evaluate genetic tests in several environments. When genotypes are evaluated in a single site, GEI effects become "confounded" with genetic effects, causing an overestimation of genetic parameters (ZOBEL and TALBERT, 1984) . In addition to having unbiased genetic parameter estimates, evaluation of GEI effects allow us to identify genotypes performing well across the environments tested, or to select specific genotypes for each environment ( VAN BUIJTENEN, 1992) .
In 1996, as part of the breeding program for E. grandis initiated by INTA (Instituto Nacional de Tecnología Agropecuaria -National Institute of Agricultural Technology), a progeny test was set up in northeastern Argentina with 156 open-pollinated families from 11 origins within the northern range of the species and a local land race used as control, in three evaluation sites in the mesopotamic region (SAGPYA-INTA, 2005 from New South Wales and southern Queensland already represented in the breeding program (MARCÓ and WHITE, 2002) , aiming to infuse new genetic variation for additional traits. The objective of this study was to evaluate the performance of E. grandis progenies coming from the NE region of Queensland, compared to the local land race, in terms of growth traits, stem form and wood density (measured indirectly with the Pilodyn), to determine the magnitude and importance of GEI for these traits, and to estimate the genetic parameters of traits and their implications for the breeding strategy of the species in this region.
Materials and Methods

Genetic material and experimental design
The study included a seed origin/progeny test planted in November 1996 in three sites of northeastern Argentina (Corrientes and Misiones Provinces) between 27°and 28°S and 100 to 500 m above sea level ( Table  1) . The experimental layout used was a complete random blocks design, with single-tree plots and 20 replications per site. Open-pollinated, maternal half-sib families were used, representing 11 seed origins (natural stands) from northern Queensland (Australia), between 16°and 19°S, and a local Argentine land race used as control ( Table 1 ). The land race was generated from seed introductions made over 60 years ago, but there is no background information about its geographic origin. A total of 126 families were included in Site 1, 112 in Site 2, and 156 in Site 3, with 111 of them common to all sites. The spacing used in all three sites was 3 x 3 m. Soil preparation included mechanical plowing in site 1 and slash burning after logging, without plowing, in sites 2 and 3. Weed control was done by hand-slashing until crown closure was reached in all sites.
Traits evaluated
When trees were 4.5 years old, stem diameter at breast height (1.30 m from the ground, DBH_01), total tree height (HT_01), and stem straightness (FORM_01) were measured on all living trees over 5 cm in DBH, since individuals with smaller DBH were clearly dominated by neighboring trees. These measurements were repeated when trees were 8.5 years old (DBH_05, HT_05, and FORM_05), considering only trees over 10 cm in DBH; bark thickness and Pilodyn penetration were also measured at this age. Tree diameter and height were measured with a diametric tape and a Blume-Leiss hypsometer, respectively. Bole straightness was assessed visually on a scale of 1 (straight stem) to 4 (twisted stem). With data on DBH and height, total stem volume was calculated (VOL_01 and VOL_05) for each tree, using the equation developed by CRECHI et al. where ln(VOL), ln(DBH) and ln(HT) are the natural logarithms of total volume in m 3 , DBH in cm, and total height in m, respectively, at the same measurement age.
Pylodyn pin penetration was measured at 1.30 m above ground with a Pilodyn 6J after removing bark at two opposite points on the stem (east-west). The average value of both penetrations was recorded in mm (PILO) for each tree. The Pilodyn is a practical and efficient tool to indirectly measure wood density in standing trees, useful for ranking genotypes (HANSEN, 2000) . Previous studies have demonstrated a high genetic correlation between Pilodyn penetration and wood density in Eucalyptus species (GREAVES et al., 1996; MACDONALD et al., 1997 . Bark thickness was measured with a caliper in the two "windows" made for the Pilodyn measurement, and the average of both measurements was recorded in mm. For analysis, bark thickness (BARK) was expressed as percentage of bark respect to total diameter.
Data analysis and estimation of genetic parameters
Data were analyzed both separately and combined for all test sites. Only trees existing in the second measurement age were included in the analyses; that is, 63.3, 65.9, and 56.0 % of the trees initially planted at each site. Several factors contributed to tree mortality, including storm and wind effects, illegal cutting, and within-stand competition. Tree mortality introduced additional environmental variation by modifying actual plot spacing, which might reduce the precision in the estimates of genetic parameters; however, tree survival was similar across seed origins, so we assume the results of the analysis are not biased. In the combined analysis, data were standardized to remove scale effects; each value was divided by the standard deviation of its block. This prevents false GEI caused by differences in phenotypic variances among sites (FALCONER and MACK-AY, 1996; WHITE, 1996; MARCÓ and WHITE, 2002) . Unlike other traits, FORM and PILO were not standardized since phenotypic variances were similar across sites.
The variance analysis was performed with the TYPE3 method of the MIXED procedure in SAS (SAS, 1996) , to determine the significance of differences among seed origins and among families within seed origins. For estimation of variance components, the REML method in the same procedure was used, with the following mixed linear model for the combined analysis:
where Y ijkl is the observed trait value in the i-th block of the l-th site, pertaining to k-th family from the j-th seed origin; µ is the overall mean value; S l is the effect of the l-th test site; B i is the effect of the i-th block; O j is the effect of the j-th seed origin; F k(j) is the effect of the k-th family within the j-th seed origin; ε ijkl is the random error; and the combinations of letters represent the interactions between the corresponding factors. In the separate analysis for each site, the same model was used without including the effect of site and its interactions with other factors. Initially, block, site and seed origin were considered as fixed-effects factors in order to compare the average values among seed origins. However, for estimation of variance components, only block and site were considered as fixed-effects.
To quantify the contribution of genetic variation among seed origins (σ 2 O ) to total genetic variation (seed origins and families (σ 2 f )), the following equation was used :
Type B genetic correlations were estimated at the level of origins (r BO ) and families (r Bf ) from the combined analysis, as a way of determining the relative importance of GEI at both levels (YAMADA, 1962) : (4) (5) where
are the estimated variances corresponding to the site-by-origin and site-by-family interaction, respectively; the other components are the same as defined previously.
With the estimated variances for each trait, narrowsense heritability was calculated at the individual-tree level, both for each site (equation 6) and for the combined analysis (equation 8) with the formula described by MARCÓ and WHITE (2002) . Additive variance was calculated as 3 times the family variance, considering a possible effect of family relationship and the presence of full sibs within the open-pollinated families (SQUILLACE, 1974; MARCÓ and WHITE, 2002) . Standard error of heritability for both analyses was calculated using the method proposed by DICKERSON (1969) , with equations 7 and 9. Phenotypic and genetic correlations between traits were also calculated, at both the same and different ages. Phenotypic correlations were calculated as Pearson product-moment coefficients of correlation using the CORR procedure of SAS (SAS, 1996) . Genetic correlations (r g (x,y)) were calculated using the typical equation (equation 10) described by FALCONER and MACKAY Harrand et. al.·Silvae Genetica (2009 ) 58-1/2, 11-19 (1996 . The genetic covariance between two traits (Cov f(x,y) ) was calculated with the procedure described by WHITE and HODGE (1989) using equation 11. The standard error of genetic correlations (EE(r g )) was estimated following the procedure described by FALCONER and MACKAY (1996) with equation 12.
(10) (11) (12)
Results and Discussion
Differences across sites
Significant differences among sites were found in tree growth ( Table 2) . Site 3 was the most productive, with higher average values for DBH, HT and VOL at the two ages measured. Average annual growth rate in volume at 8.5 years of age varied from 38 m 3 ha -1 in Site 2, to 50 m 3 ha -1 in Site 3. Site productivity was within the expected range for E. grandis in the region (SÁNCHEZ-ACOSTA and VERA, 2005) . MARCÓ and WHITE (2002) reported annual growth rates of 35 to 64 m 3 ha -1 for the same species at ages 3 to 5 years in nearby sites. Site heterogeneity, measured by the coefficient of phenotypic variation, also increased with productivity. Despite variation in site productivity, average values for BARK and PILO were similar across sites, as were their coefficients of phenotypic variation. Average values of FORM were also similar among sites; however, given that this trait was measured with a site-adjusted scale, this result was expected.
Both the separate and combined analyses showed statistical significance (p < 0.05) for all traits among seed origins and among families within origins. The site-byorigin interaction was also significant for all traits, except FORM (at both ages), while the site-by-family interaction was significant only for Pilodyn penetration. Local trees generally exhibited higher growth (Sites 1 and 3) and stem straightness, but also deeper Pilodyn penetration (i.e., lower wood density, Figure 1 ). This local land race is not currently used in operational plantings, but it has been used as control for all progeny tests established by INTA in the breeding program for E. grandis. Compared against seed origins from higher latitude (28°to 33°S), the local land race has an average growth performance (MARCÓ and WHITE, 2002) .
Variance components and heritability
Test in Site 1 had better control of environmental variation in growth traits (DBH, HT and VOL), with a lower error variance component than in other sites. In contrast, FORM, BARK and PILO showed similar proportion of environmental variance at all sites. In the combined analysis, the error variance represented 91% of total variance for growth traits, 85 % for FORM and BARK and 81% for PILO. Based on the magnitude of variance components for family and seed origin, traits were separated in two groups: DBH, HT and VOL had much higher variance components at the family level that at the seed origin level, while in FORM, BARK and PILO the difference between the two variance components is less marked (Table 3) . Thus, it would be possible to obtain important gains in FORM, BARK and PILO by selecting seed origins, whereas the gains in DBH, HT and VOL from selection of seed origins would be quite low. MACDONALD et al. (1997) found similar genetic structures in E. globulus, with ø values close to 0.30 for DBH and 0.50 for Pilodyn. In E. urophylla, the variance fraction due to seed origin for DBH and height Table 2 . -Average values per site for the traits evaluated (± standard deviation) in the seed origin/progeny test of Eucalyptus grandis evaluated at 4.5 and 8.5 years. DAP_01, HT_01, VOL_01 and FORM_01 are diameter at 1.3m, total height, total volume and stem straightness, respectively, evaluated at 4.5 years. DAP_05, HT_05, VOL_05, FORM_05, BARK and PILO are diameter at 1.3m, total height, total volume, stem straightness, bark thickness and Pilodyn penetration, respectively, evaluated at 8.5 years. (WEI and BORRALHO, 1998) . LÓPEZ et al. (2005) found ø values of 0.22 to 0.44 for Pilodyn penetration in E. grandis, similar to those found in our study. WEI and BORRALHO (1997) also found a major effect of seed origin on bark proportion in E. urophylla, but this effect was negligible on Pilodyn penetration.
Using the criteria of COTTERILL and DEAN (1990) , most traits showed moderate to high heritability values across sites (Table 4) , despite the among-plot variation introduced by tree mortality. For each site, heritability expresses the level of genetic and environmental control. As WHITE and HODGE (1989) indicated, a large experimental error implicates less precise measurements, and therefore low heritability estimates. Estimated heritability in growth traits at Site 1 (0.34 to 0.37) was two to three times higher than in the other sites (0.07 to 0.18) at both ages. In contrast, heritability for FORM and BARK was similar across sites. PILO had higher heritability than the other traits; although values for PILO did not differ much among sites, the highest estimate was found in Site 3.
A slight increase over time was observed for heritability of growth and stem form traits across sites (Table 4) , but differences among ages were within the standard error of the estimates. Many studies have pointed out that heritability for growth traits commonly increases with age, as in Eucalyptus hybrids (BOUVET and VIGNERON, 1995) , E. urophylla (WEI and BORRALHO, 1998) , Pinus ayacahuite (FARFÁN-VÁZQUEZ et al., 2002) and P. elliottii (LÓPEZ, 2006) , among others. A marked increase in heritability between young and adult ages decreases efficiency of response in early selection, so determining the magnitude and direction of this change is important to outline the selection strategy. Given that no major changes in heritability were observed, the efficiency of early selection will primarily depend on genetic correlations between measurements at different ages.
Estimated heritability in the combined analysis was lower than the average of the three sites, but with a lower estimation error (Table 4) , showing the confounded effect of the GEI component in the single site analyses. Growth traits were less heritable, followed by FORM and BARK. Pilodyn penetration had heritability values two to three times higher than those for growth traits.
Heritability values for growth traits and FORM were found within the range published by several authors for the same (ROCHA et al., 2006; MARCÓ and WHITE, 2002) and other Eucalyptus species (BORRALHO et al., 1992; MARQUES et al., 1996; PAULA et al., 1996; IPINZA et al., 1997; WEI and BORRALHO, 1998; SÁNCHEZ-VARGAS et al., 2004) . Heritability values reported for Pilodyn penetration (WEI and BORRALHO, 1997; KUBE and RAYMOND, 2002; LÓPEZ et al., 2005) are higher than those found Harrand et. al.·Silvae Genetica (2009) 58-1/2, 11-19 here; however, our heritability estimate used only the family within-origin component, without including the variance component among origins which weighed heavily in this trait.
Genetic stability
At the seed origin level, Type-B genetic correlations (r BO ) showed two distinctive patterns (Table 3) . FORM, BARK and PILO had high r BO values (> 0.8), exhibiting high genetic stability across sites. In contrast, r BO for DBH, HT and VOL was below 0.30. The imbalance in number of families within origins across sites and /or the performance of the local land race might have contributed to this strong GEI of growth traits. As can be seen in Figure 1 , trees from the local control grew less than expected at Site 2, based on their relative growth at the other sites. When the local source is excluded from the analysis, and only the families common to all sites are included, r BO for growth traits increases up to 0.6. The local control is from a small clonal seed orchard and, therefore, genetic diversity may be lower than that of seed from natural Australian stands; in addition, this local source included phenotypically selected individuals in the northeastern region of the Entre Ríos Province, where soil conditions differ from those at the evaluation sites.
At the family within-seed origin level, all traits showed moderate to high genetic stability across sites (r Bf ≥ 0.60); FORM, BARK and PILO had r Bf values slightly higher than DBH, HT and VOL (Table 3) . Even though GEI for families was statistically significant (p < 0.05), r Bf values did not indicate drastic ranking changes of families across sites, so a single breeding population could be used for the study region. SHEL-BOURNE (1972) mentions that r B values above 0.67 indicate genetic stability, but lower values affect selection Table 4 . -Individual-tree heritability (h 2 ) at each site and in the combined analysis, in the seed origin/progeny test of Eucalyptus grandis evaluated at 4.5 and 8.5 years. † Standard error of estimate in parenthesis. Table 3 . -Proportion of variance components (ø) at the origin level, with respect to the sum of the components origin and family, and type-B genetic correlation at the origin (r BO ) and family (r Bf ) levels. Harrand et. al.·Silvae Genetica (2009) efficiency if GEI is ignored. In this study, only HT_01 had a r Bf value below 0.67; thus, using the previous criterion, GEI at the family level was not important for most traits. Similar results have been found by WHITE (2002) and LÓPEZ et al. (2005) in E. grandis, MACDONALD et al. (1997 ) in E. globulus, WEI and BOR-RALHO (1998 ) in E. urophylla, and KUBE and RAYMOND (2002 in E. nitens. It is important to mention, however, that the r BO and r Bf values show a different genetic structure for DBH, HT and VOL as compared to the other traits; growth traits had higher GEI, particularly at the seed origin level.
Phenotypic and genetic correlations among traits
Correlations between traits varied across sites. However, differences in phenotypic correlations across sites were low and no sign changes were involved, whereas genetic correlations varied widely, with sign changes in some cases (data not presented). These results warn of the bias generally obtained when genetic correlations between traits are based on single-site data, and their potential effect when estimating correlated responses, despite the low genotype-by-environment interaction.
In the combined analysis, a positive phenotypic correlation among DBH, HT and VOL was observed, with values above 0.50; VOL had higher correlations with DBH than with HT ( Table 5) . FORM correlated negatively with growth traits at both ages; although weak, this correlation indicates that trees growing faster had straighter stem. PILO also correlated negatively (-0.35 ≤ r p ≤ -0.27) with DBH, HT and VOL; hence, Pilodyn tended to penetrate less in trees with higher growth rate. In contrast, FORM and PILO correlated positively, although weakly (r p ≤ 0.11); that is, more twisted trees tended to exhibit greater pin penetration.
Genetic correlations among growth traits were higher than phenotypic correlations (r g > 0.80), with low estimation errors; on the other hand, FORM had very low genetic correlations with all traits, with high standard errors, indicating genetic independence. BARK correlated negatively with DBH, HT and VOL, which is desirable for wood production (less bark and therefore less waste in lumber production). PILO was negatively correlated with growth traits and positively with FORM; although in both cases the genetic correlation was relatively weak, the sign is favorable since selection for faster growth and stem straightness would cause a slight increase in wood density as a correlated response. The only unfavorable genetic correlation was between PILO and BARK (r g = -0.44), indicating that selection for denser wood (less Pilodyn penetration) would cause a slight increase in the proportion of bark.
The structure of genetic correlations found in this E. grandis population is similar to what has been found in other Eucalyptus species, except for the correlation between growth and wood density. For example, it is common to find strong positive correlations between growth traits (MATHESON and MULLIN, 1987; IPINZA et al., 1997; WEI and BORRALHO, 1997) , as well as between these and stem straightness (MATHESON and MULLIN, 1987) , and negative correlations with relative bark thickness (WEI and BORRALHO, 1997) . On the other hand, several studies show that the genetic correlation between growth rate and wood density in Eucalyptus is negative (BORRALHO et al., 1992; WEI and BORRALHO, 1997; MACDONALD et al., 1997; KUBE and RAYMOND, 2002) , although in some cases positive values (MOURA et al., 1987; BORRALHO et al., 1992) , or values close to zero (IGNACIO-SÁNCHEZ et al., 2005) have also been found. WEI and BORRALHO (1997) also found an unfavorable correlation between wood density and bark proportion in E. urophylla.
For traits measured at ages 4.5 and 8.5 years, age-age genetic correlations were very high (r g > 0.90), suggesting that early selection is feasible, with an important gain in time for the breeding program. MARQUES et al. (1996) estimated similar age-age correlations for DBH in E. cloeziana at 29 and 80 months of age; WEI and BORRALHO (1998) also found high age-age correlations for DBH and height, especially after the first year of age. Although age-age correlations include an autocorrelation effect, the values do not generally change much when this effect is excluded (LAMBETH et al., 1983) . Table 5 . -Phenotypic (under the diagonal) and genetic (above the diagonal) correlations between traits from the combined analysis across sites. † Standard error of estimate in parenthesis. ¶ Correlation estimates above 1.00 or negative standard errors, are faults from the estimation method. § With the exception of BARK/VOL_05, all the phenotypic correlations are significant with p = 0.05. 
Conclusions
Results of the study demonstrate that Eucalyptus grandis is a species with enormous productive potential for commercial plantations in Northeastern Argentina, where the local land race grew better than the seed origins from Northeastern Queensland included in the test, but with less dense wood; thus, it might be possible to infuse new genetic variation into the current breeding population in the region. A wide genetic variation was found for all traits evaluated, but the genetic structure and degree of genetic control differed among them. Selection within origins should be emphasized for growth traits, whereas for stem straightness, bark proportion and Pilodyn penetration, selection among seed origins would also be important to incorporate this genetic variation into the breeding program. Genetic correlations among sites are high enough for all traits, particularly at the family level, suggesting that GEI would not affect the selection program. Therefore, it is feasible to work with a single breeding population for the study region.
Except for the correlation between Pilodyn penetration and bark proportion, all genetic correlations between traits evaluated were favorable in magnitude and sign, so it is possible to conduct a breeding program handling these traits, either independently or combined, without negative correlated effects. For example, it is feasible to select for increased lumber production with lower proportion of bark and higher wood density without affecting stem straightness. Age-age correlations for growth traits and stem straightness were quite high (> 0.90), so there is potential for early selection in these traits, with important gains in time for the breeding program.
